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ABSTRACT 

We report on early results from a pilot program searching for metal-poor stars with LAMOST and follow-up 
high-resolution observation acquired with the MIKE spectrograph attached to the Magellan II telescope. We 
performed detailed abundance analysis for eight objects with iron abundances [Fe/H] < -2.0, including five 
extremely metal-poor (EMP; [Fe/H] < -3.0) stars with two having [Fe/H] < -3.5. Among these objects, three 
are newly discovered EMP stars, one of which is confirmed for the first time with high-resolution spectral ob¬ 
servations. Three program stars are regarded as carbon-enhanced metal-poor (CEMP) stars, including two stars 
with no enhancement in their neutron-capture elements, which thus possibly belong to the class of CEMP-no 
stars; one of these objects also exhibits significant enhancement in nitrogen, and is thus a potential carbon and 
nitrogen-enhanced metal-poor star. The [X/Fe] ratios of the sample stars generally agree with those reported 
in the literature for other metal-poor stars in the same [Fe/H] range. We also compared the abundance patterns 
of individual program stars with the average abundance pattern of metal-poor stars, and find only one chemi¬ 
cally peculiar object with abundances of at least two elements (other than C and N) showing deviations larger 
than 0.5 dex. The distribution of [Sr/Ba] versus [Ba/H] agrees that an additional nucleosynthesis mechanism is 
needed aside from a single r-process. Two program stars with extremely low abundances of Sr and Ba support 
the prospect that both main and weak r-process may have operated during the early phase of Galactic chemical 
evolution. The distribution of [C/N] shows that there are two groups of carbon-normal giants with different de¬ 
grees of mixing. However, it is difficult to explain the observed behavior of the [C/N] of the nitrogen-enhanced 
unevolved stars based on current data. 

Subject headings: Galaxy: halo — stars: abundances — stars: Population II 


1. INTRODUCTION 

Very metal-poor ([Fe/Hfl < -2.0) and extremely metal- 
poor (EMP; [Fe/H] < -3.0) stars are believed to preserve in 
their atmospheres detailed information concerning the chem¬ 
ical compositions of the interstellar medium at the time and 
place that they were born. These objects are expected to of¬ 
fer us a direct view into the earliest phases of the evolution of 
the Galaxy, the formation of the first generation of stars, and 
the earliest nucleosynthesis events (iMcWill iam et al .l 119951; 
Norris et^ll996t iBeers & Christliebll2005l ; iFrebel & Norris! 

2Q13h . Precise analysis of the chemical composition of 
metal-poor stars enables us to indirectly probe the range 
of supernova nucleosynthesis yields in the early Galaxy 
(iHeger & Wooslevl 120101 ; iNomoto et al.l 120131 and reference 
therein), and to ultimately constrain the primordial nucle- 
osynthesis of cosmologi cal models as well (for details, see 
iBromm & Yoshidjl201 Ih . 

Ever since the discov ery of metal-poor stars by 
[Chamberlain & Ailed (119511) . numerous efforts haye been 
deyoted to related fields and remarkable progress has been 
achieyed. To explore the nature of the first generation of 
stars, detailed abundance analyses based on high-resolution 
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spectroscopy have been performed to identi fy various 
abundance patterns in metal-deficient s t ars (e.^., | Rvan et alj 

II^ILai et al.ll2008llC^n et al.ll2008HNorris et al.lUoTm 

These explorations also resulted in the discoyery of a ya- 
riety of unusual peculiarities in elemental abundances in 
metal-poor stars, such as large enhancements in carbon and 
nitrogen relatiye to iron and the abundance ratios seen in 
the Sun; e nhancemen t of a e lements; and neu t ron-capture 
elements (lAoki et"^ 1200'^ (Pols et al] I2()12t lAoki et akl 
[20131: [Placco et alJ[2013iK The eyer-increasing sample size 
of metal-poor halo stars and the enrichment history of 
the Galactic halo haye gradually been reyealed through 
statistical inyestigations in the low-meta llicity region of the 
metallicity distribution function (MDF: [Carq llo S: al.l [20071 

[Schorck et al.llM)^[Li et aniMlOl:lYmTet al.[[2013bl). 

Recent studies using an increasing number of metal-poor 
stars haye made it clear that there exists a large fraction 
in such stars with significant enhancements of carbon, i.e., 
carbon-enhanced metal-poor (CEMP) stars. The frequency of 
CEM P stars is suggested to increase with decreasing metal¬ 
licity ([Cohen et all 20051 lUucatello et alJ[2006[ : [Carollo et alJ 
120121 [^te~et alJ20131 [Yong et alJ2013bl) Larger samples of 
CEMP stars also indicate different types of chemical patterns, 
mainly including four sub-classes defined based on the abun¬ 
dance s of the neutron-capture elements ([Beers & ChristliebI 
[20051) : CEMP-s (enhanced in i-process elements), CEMP- 
r (enhanced in r-process elements), CEMP-rs (enhanced in 
both s- and r-process elements), and CEMP-no (no enhance¬ 
ment in neutron-capture elements). This diyersity in chem¬ 
istry suggests different sites of carbon production in the early 
Galaxy, and detailed analyses of the elemental abundances of 
CEMP stars alios us to understand the nature of their progen¬ 
itor stars. 
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As a key to all these investigations, the number of metal- 
poor stars has been tremendously increased by r ecent wide- 
angle sky surveys, including the HK sur vey (iBeers et aT 


1992) and the Hamburg/ESO survey (HES: l^ristlieb et d 


20081) , and more recently using da ta from the Sloan Dig¬ 


ital Sky Survey (lYork et alJ l2()00h and the Sloan Exten- 
sion for Ga l actic Understanding and Ex ploration (SEGUE; 
lYannv et'd] l2009t iRockosi et alJ l2009t). as well as the 
SkyMapper Telescope (iKeller et al.l 1200% using the novel 
photometric filter system. 

Subsequently, high-resolution spectroscopic research has 
been performed for the metal-poor s t ars found in these 
surveys (e.g., [McWilliam et al.l 1 19951 : iNorris et"^ 120011 : 
ICohen et al.l200^lBarklem et al.l2005[) . Studies of large sam- 
jles have been conducted, including the “ Eirst Stars” project 


(Ca^rel e^^ 


(Cohen et^ 


2004; iBonifacio et alj [?009f) . the “OZ project” 


20111), “The Most Meta l-Poor Stars” project 


( Norris et al. I2013at lYong et ^l2013af) . a nd the “Extremely 
Metal-Poor Stars from SDSS/SEGUE” (lAoki et al.l [Ml 
project. These efforts have resulted in detailed investigations 
of the abundances of more than 200 EMP stars, including 
two h yper metal-poor (H MP) stars HE 1327-2326 ([Ee/H] = 
-5.4.lFrebel et al.|[20^ and HE 0107-5240 ([Ee/H] = -5.3, 
IChristlieb et al.ll2002l) . and J0313-6708, a star at [Ee/H] < 
-7.1 whic h is suspected to ha ve been pre-enriched by a single 
supernova (IKeller et alJl20l4 . 

These surveys and follow-ups have not only identified 
chemically peculiar low-metallicity objects and made it pos¬ 
sible to explore the evolution of the Galactic halo in a much 
more detailed and systematic manner, but have also led to 
a number of debates. Re cent discoveries o f more EMP 
stars with [Fe/H] < -3.5 (lYong et all 12013d: iPlacco et al.l 
|2014|) have enabled us to determine more accurately the low- 
metallicity tail of the MDF of the Galactic halo. It was found 
that the sharp cutoff at [Ee/H] ~ -3.6 previously observed 
in HES data (ISchorck et alJ 120091 : iLi et alJ 1201 Ol) is proba¬ 
bly an artifact caused by small number statistics, and that 
the MDF in fact smoothly d ecreases at least d own to ap¬ 
proximately [Fe/H] ~ -4.1 i Yongetani2013bl) . With ex¬ 
tended samples of EMP stars, iPlacco et alJ (l2014h also raises 
doubts about the cutoff of the abundance ratio of [Sr/Ba] 
at about [Fe/H] - 3.6, which was previously pointed out 
by lAoki et akl (120131) . All of these unsolved questions ur¬ 
gently require additional EMP stars, especially objects with 
[Fe/H] < -3.5, to better understand the truth and the real pic¬ 
ture of the earliest phases of Galactic chemical evolution. 

The Large sky Area Multi-Object fiber Spectroscopic Tele¬ 
scope (LAMOST, also known as the Wang-Su Reflecting 
Schmidt Telescope or the Guoshoujing Telescope) Ris a new 
type of wide-held telescope with a large aperture (ICui et al 


2012 ). LAMOST started its pilot survey in 2010 (iLuo et al 


20121) . and has conducted a hve year regular survey since 


2011. The combination of a large aperture (4 m) and high 
multiplex factor (4000 hbers) with a 5° held of view makes 
it a unique facility. Its special design and high spectrum ac¬ 
quiring rate allow LAMOST to efficiently carry out system¬ 
atic spectrosco pic surveys of the vario us stellar components 
of the Galaxy (IZhao et al.ll2006l 12012l) . including metal-poor 
stars. Furthermore, with the low-resolution {R = 1800) spec¬ 
troscopic data from LAMOST, it is possible to reliably iden¬ 
tify metal-poor stars in survey mode, thus evidently enhancing 


the survey efficiency. Therefore, we are using this facility to 
further increase the number of metal-poor stars. 

This paper is organized as follows. Observations and data 
reduction are addressed in Section |2l The determination of 
stellar parameters and abundance analysis are described in 
Section [3] The interpretations and discussions of the derived 
elemental abundances including comparisons with literature 
values are presented in Section |4] The conclusions are given 
in Section|5] 

2. TARGET SELECTION AND OBSERVATION 

Sample stars were selected from the low-resolution 
database (R - 1800) spectra acquired with LAMOST. After 
robust estimation of stellar parameters and selection of can¬ 
didates using LAMOST data, high-resolution (R ~ 35,000) 
spectroscopy was obtained for eight interesting objects with 
Magellan/MIKE to carry out detailed abundance analysis of 
these stars. 

2.1. Low-resolution Spectroscopic Observation with 
LAMOST 

Our study is based on the first data release of the LAM¬ 
OST survey which was internally released after the first year 
of LAMOST survey operations. The wavelength coverage 
(3700-9100 A) and resolving power {R - 1800) of the LAM¬ 
OST spectra allow a robust estimation of the stellar parame¬ 
ters, including metallicities. Three independent methods are 
used to determine the metallicity of an object. 

The first method is an a pplication of an upd ated version of 
the methods described by iBeers et "an (Il999h . which obtain 
[Fe/H] by making use of the Ca II K line index KP measur¬ 
ing the strength of this line and the HP2 index measuring the 
strength of the H^ line. This m ethod has also been a dopted by 
previous investigations such as ISchorck et al.l (120091) to which 
we refer the reader for details. 

The other two methods make use of a grid of synthetic spec¬ 
tra. These s pectra were computed by using the synthesis code 
SPECTRUM (iGrav & Corballvl [19941) . start ing from the AT- 
LAS9 grid of stellar atmospheric models of ICastelli & Kuru^ 
(120031) with linear interpolation in three dimensions, i.e., Teff, 
log g, and [Fe/H]. A microturbulence velocity of 2 km s“' was 
adopted for all of the spectra. The line list and atomic data 
were taken from SPECTRUM 0 . The synthetic spectra have a 
resolution of 0.01 A, covering 4000 K < Teff < 9000 K in 
steps of 250 K, 0.0 < \ogg < 5.0 in steps of 0.5 dex, and 
-4.0 < [Fe/H] < -0.5 in steps of 0.5 dex. Considering the 
fact that we are searching for candidate metal-poor stars, the 
[a/Fe] was set to -H 0.4dex, which is the typical value in this 
[Fe/H] region (e.g.. lMcWilliaml^l997^ . 

The second method uses comparisons of line indices. Based 
on the most up-to-date wavelength definitions of Lick indices 
0, we have calculated corresponding indices for all of the syn¬ 
thetic spectra, resulting in a line index grid covering the cor¬ 
responding space of stellar parameters. The same series of 
indices are then calculated for each observed spectrum, and 
compared with this synthetic grid to find the best match of 
parameters. 

The third method that we adopt is based on a direct compar¬ 
ison of the normalized observed flux with the normalized syn¬ 
thetic spectra in the wavelength range 4500 A < T < 5500 A. 


^ See http://www.lamost.org/public/ for more detailed informa- 
tion, and the progress of the LAMOST surveys. 


^ http://www.appstate.edu/ grayro/spectrum/spectmm.html 
^ http://astro.wsu.edu/worthey/html/index.table.html 
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TABLE 1 

Log of the Magellan/MIKE observations. 


ID 

R.A. 

Decl. 

r 

(mag) 

Date 

Exptime 

(s) 

S/N 

(pixeU*) 

Vr 

(km s“*) 

LAMOST100064-1057 

00 06 17.20 

4-10 57 41.8 

12.59 

2013 Dec 

2700 

86 

-281.6 

LAMOST101024-0428 

01 02 12.66 

4-04 28 24.2 

10.87 

2013 Aug 

360 

72 

-201.3 

LAMOST 101264-0135 

01 26 58.58 

4-01 35 15.4 

12.30 

2013 Dec 

1800 

75 

-197.3 

LAMOST J0257-0022 

02 57 06.93 

-00 22 33.7 

14.97 

2013 Aug 

1890 

48 

2.7 

LAMOST 103264-0202 

03 26 53.88 

4-02 02 28.1 

11.55 

2013 Dec 

1200 

106 

121.2 

LAMOST J0343-0227 

03 43 22.87 

-02 27 56.1 

13.43 

2013 Dec 

2400 

62 

-4.3 

LAMOST 116264-1721 

16 26 14.78 

4-17 21 12.1 

14.29 

2013 Aug 

1300 

56 

-177.1 

LAMOST 117094-1616 

17 09 59.79 

4-16 16 13.3 

13.13 

2013 Aug 

900 

43 

-324.2 


Note. — The S/N ratio per pixel was measured atA~ 4500 A. 


TABLE 2 

Equivalent width Measurements and Line-by-line Abundances. 


Ion 

A 

(A) 

T 

(eV) 

log of 

100064-1057 

101024-0428 

101264-0135 

10257-0022 

W 

(mA) 

l0g6(X) 

(T 

W 

(mA) 

loge(X) 

(T 

W 

(mA) 

loge(X) 

CT 

W 

(mA) 

loge(X) 

(T 

Nat 

5889.95 

0.00 

0.108 

134.7 

3.05 

0.09 

186.1 

3.69 

0.09 

146.3 

2.86 

0.11 




Nat 

5895.92 

0.00 

-0.194 




155.8 

3.50 

-0.09 

112.7 

2.65 

-0.11 




Mg I 

3829.35 

2.71 

-0.208 




198.4 

5.36 

0.12 

134.0 

4.38 

-0.07 

119.7 

5.30 

-0.17 

Mg I 

4167.27 

4.35 

-0.710 




52.8 

5.15 

-0.09 







Mg 1 

4702.99 

4.33 

-0.380 

61.5 

4.95 

-0.05 

69.8 

5.03 

-0.22 

26.7 

4.26 

-0.19 

45.1 

5.49 

0.02 

Mg I 

5172.68 

2.71 

-0.450 




211.2 

5.36 

0.12 

161.7 

4.49 

0.04 

117.1 

5.40 

-0.07 

Mg I 

5183.60 

2.72 

-0.239 

187.8 

5.10 

0.09 

230.4 

5.37 

0.13 

178.9 

4.56 

0.11 

syn 

5.55 

0.08 

Mg I 

5528.40 

4.34 

-0.498 




80.4 

5.25 

0.01 




43.5 

5.59 

0.12 

A11 

3943.99 

0.00 

-0.640 




154.4 

3.56 

-0.08 

syn 

2.27 

0.08 

60.6 

3.43 

-0.02 

All 

3961.52 

0.01 

-0.340 

112.5 

2.61 

0.05 

182.4 

3.72 

0.08 

syn 

2.12 

-0.08 

77.3 

3.46 

0.02 

Si I 

3905.52 

1.91 

-1.092 




203.1 

5.22 

0.09 




127.2 

5.80 

0.07 

Si I 

4102.94 

1.91 

-3.140 

61.9 

4.72 

0.03 

85.3 

5.05 

-0.09 

61.9 

4.47 

0.03 





Note. — The three columns for each objects refer to the measured equivalent width, corresponding abundance in log6(X), and the uncertainty caused by the 
equivalent width measurement. The “syn” indicates that the abundance has been derived using spectral synthesis. 

(This table is available in its entirety in a machine-readable form.) 


The;t'^ minimization technique of iLee etTI (l2008h is used to 
find the best-matching set of parameters. 

Taking into account the typical uncertainty of ~ 0.1 - 
0.3 dex for metallicities derived from low-resolution spectra, 
an object is regarded as an EMP candidate if it is within the 
temperature range 4000 K < < 7000 K, and if at least two 

of the three methods described above yield [Fe/H] < -2.7. 
The constraint on T^g is adopted to exclude low-luminosity, 
foreground late-type stars belonging to the disk population(s), 
and to ensure that only stars redward of the main-sequence 
turnoff for stars with ages of ~ 13 Gyr (as predicted by theo¬ 
retical isochrones) enter the sample. The spectra of the above 
automatically selected candidates were visually inspected to 
remove false positives such as cool white dwarfs, or objects 
that were selected because their spectra were disturbed by re¬ 
duction artifacts. 

2.2. High-resolution Spectroscopy with Magellan/MIKE 

For eight of candidates selected as described in Section im 
high-resolution spectra were acquired during two runs in 
2013 August and 2013 December, with the Magellan Inamor i 
Kyocera Echelle spectrograph (MIKE; iBernstein et al.ll2()()^ 
at the Magellan-Clay Telescope at Las Campanas Observa¬ 
tory. Among these objects, J0126-I-0135 and J0326-I-0202 
were previously selected from HES (iFrebel et al.ll2006h . also 
known as HE 0124-0119 and HE 0324-H0152, respectively. 


For J0326-I-0202, high-resolution observation an d abundance 
analys is have been performed as described in iHollek et aTI 
(1201 ll) . and we include this object for comparison purpose. 
For the latter object, J0126-I-0135, since there has been no 
high-resolution observation to confirm this object, we have 
also included it into our target list. 

The setup of the observations included a O-.l slit with 2 x 
2 and 1x2 binning CCD readout modes (used for the two 
runs respectively), yielding resolving powers of R ~35,000 in 
the blue spectral range (3300 — 4900 A) and R ~28,000 in 
the red spectral range (4900 — 9400 A). The spectra have an 
average signal-to-noise ratio per pixel of 5 /A ~ 75 at 4500 A. 
More information about the observations, as well as the target 
coordinates and magnitudes, are listed in Table [1] 

The raw data were reduced with the standard IRAF 0 pro¬ 
cedures to obtain ID spectra that are flat-fielded, wavelength- 
calibrated, co-added, and continuum-normalized. The radial 
velocities were obtained using the IRAF procedure fxcor, 
employing a synthetic spectrum with low-metallicity as a tem¬ 
plate. 

Equivalent widths were measured by fitting Gaussian pro- 

* IRAF is distributed by the National Optical Astronomy Observatory, 
which is operated by the Association of Universities for Research in Astron¬ 
omy, Inc., under cooperative agreement with the National Science Founda¬ 
tion. 
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TABLE 3 

Adopted Stellar Parameters of the Program Stars. 


MIKE Measurements LAMOST Measurement 


ID 

TeS 

(K) 

logg 

[Fe/H] 

(km-‘) 

Uff 

(K) 

logs 

[Fe/H] 

LAMOST J0006+1057 

4520 

0.6 

-3.26 

2.2 

4800 

1.6 

-3.03 

LAMOST J0102+0428 

4540 

0.6 

-2.75 

2.5 

4940 

1.2 

-2.78 

LAMOST J0126+0135 

4330 

0.1 

-3.57 

2.8 

4810 

1.2 

-3.15 

LAMOST J0257-0022 

6330 

4.2 

-2.24 

1.5 

6260 

3.6 

-2.65 

LAMOST J0326+0202 

4700 

1.1 

-3.36 

1.8 

4830 

1.8 

-3.15 

LAMOST J0343-0227 

4790 

1.5 

-2.42 

2.0 

4795 

1.8 

-2.57 

LAMOST! 1626+1721 

5930 

3.6 

-3.20 

1.6 

5830 

3.4 

-3.00 

LAMOST J1709+I616 

5780 

3.5 

-3.71 

1.9 

6070 

3.0 

-3.33 


fil es to isolated atomic absorption lines based on the line list 
of iFrebel et alJ (|20 1 3h. supp lemented with K I, Mn I, and 
Y II lines from iPlacco et alJ (120141) . Table [1] shows the mea¬ 
surements of the adopted atomic lines for all of the program 
stars. Figure [T] compares our measur ed equivalent width s 
of J0326H-0202 with those measured by [Hollek et al.l (1201 Ih . 
There is a mean difference of -0.6 m A with cr - 3.4mA be¬ 
tween our measurements and those of lHollek et al.l (1201 Ih for 
lines included in our analysis. 

3. STELLAR PARAMETERS AND ABUNDANCE 
ANALYSIS 

Eor our abundance analysis, we use ID plane-parallel, hy- 
dr ostatic model atmo s phere s of the ATLAS NEWODE grid 
of ICastelli & Kuruc j (120031) . assuming a mixing-length pa¬ 
rameter of aMLT = 1.25, no convective overshooting, and 
local thermodynamic equilibrium. We use a n updated ver - 
sion of the abundance analysis code MOOG (ISnedenlll973h . 
which treats continuous scattering as a source function which 
sum s both absorption an d scattering rather than true absorp¬ 
tion (ISobeck et alj|201 lb . 

We adopt the p hotospheric Solar abundances of 
lAsplund et alJ (l2009l) when calculating the [X/H] and 
[X/Ee] abundance ratios. 

3.1. Atmospheric Parameters 

The effective temperatures of the stars were determined 
by minimizing the trend of the relationship between the de¬ 
rived abundances and the excitation potentials of Ee I lines. 
Previous investigations and experience have shown that this 
procedure yields effective temperatures with systematic off¬ 
sets compared to those determined from e.g., broadband opti¬ 
cal and infrared photometry. Based on a literature sample of 
metal-poor stars, lErebel et aH (1201 3h derives a linear relation 
between the spectroscopic and photometric effective tempera¬ 
tures, and this relation can be used to correct such systematic 
deviations. Therefore, we have adopted this correction to ob¬ 
tain the final effective temperatures of our sample. 

Microturbulent velocities f were determined from the anal¬ 
ysis of Ee I lines, by forcing the iron abundances of individ¬ 
ual lines to exhibit no dependence on the reduced equivalent 
widths. Eor objects that have a sufficient number of Ee II lines 
detected, the surface gravity log o' was determined by min¬ 
imizing the difference between the average abundances de¬ 
rived from the Ee I and Ee II lines. 

However, there are two objects at low metallicities, namely 
11626-1-1721 and J1709-I-1616, for which only spectra of 
lower-than-average S/N are available; therefore only one or 



4000 5000 6000 

Wavelength (Angstrom) 



EW (this work) 


Fig. 1. — Comparison of t he equivalent widths of J0326+0202, respectively, 
measured by this work and IHollek et al.l f2Ql ID . Top: residuals of the equiv¬ 
alent widths (this work - Hollek) vs. the wavelength. Bottom: direct compar¬ 
ison of the two measurements of the equivalent widths. The one-to-one line 
is plotted for reference. 


no Ee II lines could be detected in their spe ctra. Therefore, 
we res orted to the theoretical isochrones of iDemarque et all 
(l2004l) to estimate the surface gravities for these objects given 
their temperatures and metallicities. Isochrones with an age 
of 13Gyr were adopted, and all three parameters (i.e., 
logg, were iterated until convergence was reached, i.e., 
with the derived surface gravity, the “zero” slope can be ob¬ 
tained for derived abundances versus excitation potentials. 
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and abundances versus EWs, for corresponding and 
For these two objects, two solutions of surface gravity could 
be deduced from the theoretical isochrones for each set of 
temperature and metallicity, e.g., logg of 4.57 and 3.62 for 
J1626+1721, and 4.63 and 3.52 for J1709+1616. However, 
only the sub-giant log g value could result in convergence dur¬ 
ing the iterations, and therefore 3.62 and 3.52 were adopted 
for J1626-I-1721 and J1709-I-1616, respectively. 



6500 6000 5500 5000 4500 

Teff 


Fig. 2. — Teff vs. \ogg of the sample. Filled circles correspond to carbon- 
enhanced objects, and the open cir cles refer to the carbon-normal ones, whose 
definition is described in Section [m For reference, the 13 Gyr theoretical 
isochrones with [a/FeJ = +0.4 and [Fe/H] = -2.5, -3.0, and -3.5 from 
IDemargue et alj J2004f) are plotted with dash-dotted, solid and dashed lines 
respectively. 

During the iterations for determining the stellar parameters, 
any Fe line with an offset of more than 3cr from the mean 
abundance was rejected. The adopted stellar parameters of all 
the program stars are listed in Table [T] The derived stellar pa- 
rameters of J0326-I- 0202 are very close to the values given by 
iHollek et al.l (1201 ll) . with a difference of -75 K in Teff, -0.1 
in logg, and -0.1 in [Fe/H], respectively. The parameters de¬ 
rived from FAMOST low-resolution spectra are also shown, 
using the average values for the para meter s derived from the 
three methods as described in Section IZTI A relatively large 
discrepancy is found in logg for the cool giants, which is 
partly due to the large steps (0.5 dex) in log g of the adopted 
synthetic spectra template. The general agreement between 
the two sets of parameters shows that the FAMOST selection 
pipeline is able to derive reliable parameters, especially Teff 
and [Fe/H]. In addition, the [Fe/H] derived from FAMOST 
spectra for J0126H-0135 (-3.15) is quite consistent with th at 
from HFS follow-up observations ('-3.1. l^bel et alJ[2006h . 

The distribution of T^g versus logg of all of the program 
stars is plotted in Figure |2] with filled and open circles refer¬ 
ring to the carbon-enhanced and carbo n-nor mal stars in the 
sample (as will be described in Section l372l i: the theoretical 
isochrones from iDemaraue et al.l (l2004ft are also shown for 
reference. 

3.2. Carbon and Nitrogen 

The carbon abundances of the program stars were derived 
by matching the observed CH-AX band head at 4310 A (i.e., 
the G band) to the synthetic spectra. Examples of such fits are 


presented in the left panels of Figure [3] The molecular line 
data for the spectrum synthesis were taken from the Kurucz 
database. 0 The line broadening was determined using a sin¬ 
gle Gaussian profile representing the combined effects from 
the instrumental profile, atmospheric turbulence, and stellar 
rotation. The width of the Gaussian was determined by fit¬ 
ting a number of isolated and clear Fe I and Ti II lines whose 
abundances have been derived from EW measurements. 

The nitrogen abundance was measured from the CN-BX 
electronic transition at 3883 A, by comparing the observed 
spectra with synthetic spectra generated with MOOG (see the 
right panels of FigureOfor examples). We could only deter¬ 
mine the nitrogen abundances of seven of the program stars 
whose CN-BX features are strong enough for reliable mea¬ 
surements. We did not use the NH band at 3360 A, because of 
an S/N (typically lower than five) of our spectra at that spec¬ 
tral region that is too low to perform spectral synthesis. 

The carbon and nitrogen abundances of the program stars 
are listed in Tabled] 

3.3. Abundances Determined from Atomic Lines 

For 19 elements between Na and Ba, the abundances 
were computed using the measured equivalent widths and the 
atomic data presented in Tabled] and the stellar parameters in 

Tabled] 

We performed sanity checks for cases where the abundance 
of an element was derived from a single line, or when abun¬ 
dances deviated by more than 3 cr from the average computed 
for an atomic species from multiple lines. In these cases, the 
abundances were verified with spectral synthesis and modified 
if necessary. For clearly detected and isolated lines, synthetic 
spectra with corresponding abundances derived from the mea¬ 
sured equivalent widths could well match the observed spec¬ 
tra. However, for lines that suffer from blending or prob¬ 
lems in setting the continuum level, the abundance derived 
from equivalent widths could not properly match the observed 
spectral line, and hence the abundance derived from spectral 
synthesis was adopted. Table[T]lists the used atomic line data, 
the measured equivalent widths, as well as the derived abun¬ 
dances, where lines marked as “syn” refer to abundances de¬ 
termined with spectral synthesis. 

For all of the program stars, the abundances of a elements 
(Mg, Si, Ca, and Ti) have been determined. Among the light 
odd-Z elements (Na, Al, K, and Sc), abundances of Sc have 
been determined for all of the program stars, while for the 
warmer stars not all the lines are detectable, e.g., the red dou¬ 
blet K lines are too weak in J0257-0022, J1626-I-1721, and 
J1709-I-1616 to derive an abundance. For Fe-peak elements 
(Cr, Mn, Co, Ni, and Zn), the abundances of Cr and Mn 
could be determined for all of the program stars; meanwhile 
the abundances of Co, Ni, and Zn could not be derived for 
the most metal-deficient object, J1709H-1616 due to its low 
Fe abundance and possibly insufficient S/N. In the cases of 
the heavy elements (Sr, Y, Ba, and Eu), the abundances of Sr 
and Ba were determined for all of the program stars except 
J1709-I-1616 (the most metal-poor) and J1626-I-1721, respec¬ 
tively; meanwhile abundances of Y could only be determined 
for four of these stars, and the Eu lines have been detected and 
measured in only two objects, J0102+0428, and J0343-0227. 
All of the elemental abundances of the programs stars are 
shown in Table [T] We have also compared the abundances of 

® http://kurucz.harvai'd.edu/molecules.html 
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Fig. 3.— Left: examples of fitting of the CH band used to determine the C abundance. Right: examples of fitting of the CN band used to determine the N 
abundance. The dotted line filled circle represents the observed spectra; the solid line refers to the best fit, and the upper and lower dash-dotted lines correspond 
to synthetic spectra with changes of Icr fitting uncertainty in [C/Fe] and [N/Fe]. The upper and lower panels refer to the fitting of the spectra of J0257-0022 and 
J0006+1057, respectively. 


J0326+0202 with those from iHollek et al.l (1201 Ih . as shown 
in Figured The difference between the abundance from this 
work and Hollek is -0.14 + 0.18, indicating a rather good 
agreement. The only species with significant difference is Y. 
Since our measurements have used three Y lines resulting in 
a standard deviation of 0.08 in the derived abundance, further 
information should be required to explain the difference. 

3.4. Abundance Error Estimation 

The error of the derived abundances mainly arises from two 
aspects, the uncertainties in the equivalent width measure¬ 
ments and those caused by the uncertainties from the stellar 
parameters. 

When N >2 lines of individual species of an element were 
observed, the dispersion in the measurements of multiple lines 
around the average abundances, i.e., crloge(X), was used to 
present the error caused by random uncertainties in the equiv¬ 
alent widths, as given in Table [1] If the elemental abundance 
was determined from a single line, the statistic error of the 
equival ent widths wa s estimated based on the classical for¬ 
mula of ICavrell (Il988l) : 


ctew = 1.6(wAxy^^e (1) 
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Fig. 4.— Com parison of the abund ances of J0326+0202 from this work with 
the result from IHollek et al.l 420111) . in the form of the abundance difference 
vs. the atomic numbers. The dashed lines refer to the standard deviation of 
the abundance difference (±0.18). The most deviated point corresponds to 
the element Y, and is described in the text. 
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TABLE4 

Abundances of Individual Elements for the Program Stars. 



LAMOST J0006+1057 


LAMOST JO 102+0428 


LAMOST JO 126+0135 


LAMOST J0257-0022 


Sun 

log e(X) 

l0g6(X) 

[X/Fe] 

(T 

N 

l0g6(X) 

[X/Fe] 

(T 

N 

log 6{X) 

[X/Fe] 

(T 

N 

log e(X) 

[X/Fe] 

(T 

N 

CH(C) 

4.85 

-0.32 

0.10 

1 

4.75 

-0.93 

0.15 

1 

4.35 

-0.51 

0.15 

1 

6.95 

0.76 

0.20 

1 

8.43 

CN(N) 

6.05 

1.48 

0.15 

1 

6.45 

1.37 

0.15 

1 

5.70 

1.44 

0.20 

1 

8.00 

2.41 

0.15 

1 

7.83 

Nal 

3.05 

0.07 

0.09 

1 

3.59 

0.10 

0.13 

2 

2.75 

0.08 

0.15 

2 





6.24 

Mg I 

5.01 

0.66 

0.08 

3 

5.24 

0.39 

0.13 

7 

4.45 

0.42 

0.13 

5 

5.45 

0.09 

0.12 

5 

7.60 

All 

2.61 

-0.58 

0.05 

1 

3.64 

-0.06 

0.11 

2 

2.20 

-0.68 

0.11 

2 

3.44 

-0.77 

0.03 

2 

6.45 

Si I 

4.72 

0.47 

0.03 

1 

5.14 

0.38 

0.12 

2 

4.47 

0.53 

0.03 

1 

5.80 

0.53 

0.07 

1 

7.51 

KI 

2.51 

0.74 

0.01 

2 

2.86 

0.58 

0.08 

1 

2.01 

0.55 

0.17 

1 





5.03 

Cal 

3.46 

0.38 

0.07 

8 

3.84 

0.25 

0.09 

18 

3.21 

0.44 

0.09 

4 

4.38 

0.28 

0.11 

6 

6.34 

Sc II 

-0.09 

0.02 

0.07 

5 

0.23 

-0.17 

0.11 

7 

-0.63 

-0.22 

0.12 

5 

1.04 

0.13 

0.05 

2 

3.15 

Til 

1.84 

0.15 

0.11 

6 

2.19 

-0.01 

0.12 

21 

1.74 

0.36 

0.14 

3 

3.32 

0.61 

0.19 

2 

4.95 

Ti II 

1.87 

0.18 

0.12 

12 

2.27 

0.07 

0.14 

45 

1.35 

-0.03 

0.18 

16 

3.18 

0.47 

0.10 

15 

4.95 

VII 

0.96 

0.29 

0.04 

1 

1.22 

0.04 

0.12 

3 

0.60 

0.24 

0.04 

1 





3.93 

Cri 

1.91 

-0.47 

0.16 

5 

2.65 

-0.24 

0.14 

15 

1.43 

-0.64 

0.14 

6 

3.18 

-0.22 

0.08 

3 

5.64 

Cm 





3.09 

0.20 

0.07 

1 









5.64 

Mn I 

1.67 

-0.50 

0.11 

4 

2.12 

-0.56 

0.12 

5 

0.86 

-1.00 

0.06 

3 

2.65 

-0.54 

0.09 

3 

5.43 

Fe I 

4.24 

0.00 

0.14 

94 

4.75 

0.00 

0.15 

164 

3.93 

0.00 

0.19 

61 

5.26 

0.00 

0.14 

60 

7.50 

Fe II 

4.24 

0.00 

0.13 

11 

4.76 

0.01 

0.10 

19 

3.93 

0.00 

0.15 

4 

5.25 

-0.01 

0.14 

3 

7.50 

Co I 

1.87 

0.14 

0.04 

1 

2.13 

-0.11 

0.16 

7 

1.59 

0.17 

0.01 

2 

3.03 

0.28 

0.12 

1 

4.99 

Nil 

2.90 

-0.06 

0.06 

3 

3.25 

-0.22 

0.18 

6 

2.57 

-0.08 

0.07 

1 

4.07 

0.09 

0.12 

2 

6.22 

Zn I 

1.72 

0.42 

0.04 

2 

1.80 

-0.01 

0.10 

1 

1.43 

0.44 

0.07 

2 

2.71 

0.39 

0.14 

1 

4.56 

Sr II 

-2.46 

-2.07 

0.06 

2 

-1.06 

-1.18 

0.14 

2 

-2.31 

-1.61 

0.04 

1 

1.05 

0.42 

0.12 

2 

2.87 

YII 





-1.62 

-1.08 

0.03 

3 





-0.08 

-0.05 

0.11 

1 

2.21 

Ball 

-2.83 

-1.75 

0.03 

1 

-1.26 

-0.69 

0.13 

5 

-2.53 

-1.14 

0.16 

3 

-0.17 

-0.11 

0.00 

2 

2.18 

Eu II 





-2.13 

0.10 

0.08 

1 









0.52 


TABLE 4 
Continued. 


LAMOST J0326+0202 LAMOST J0343-0227 LAMOST J1626+1721 LAMOST J1709+1616 Sun 



l0g6(X) 

[X/Fe] 

CT 

N 

log e(X) 

[X/Fe] 

(T 

N 

log e(X) 

[X/Fe] 

CT 

N 

loge(X) 

[X/Fe] 

CT 

N 

loge(X) 

CH(C) 

5.15 

0.08 

0.10 

1 

5.90 

-0.11 

0.15 

1 

6.30 

1.07 

0.20 

1 

6.30 

1.58 

0.20 

1 

8.43 

CN(N) 

5.70 

1.23 

0.15 

1 

6.35 

0.94 

0.15 

1 









7.83 

Nal 

3.46 

0.58 

0.01 

2 

3.26 

-0.02 

0.14 

2 

3.02 

-0.02 

0.03 

2 





6.24 

Mg I 

4.99 

0.75 

0.17 

8 

5.58 

0.40 

0.03 

4 

4.90 

0.50 

0.16 

3 

4.17 

0.28 

0.12 

3 

7.60 

Al I 

2.36 

-0.73 

0.04 

1 

3.50 

-0.53 

0.06 

1 

2.92 

-0.33 

0.08 

1 





6.45 

Si I 

4.93 

0.78 

0.07 

2 

5.52 

0.43 

0.04 

1 

4.77 

0.46 

0.09 

1 

3.98 

0.18 

0.10 

1 

7.51 

KI 

2.49 

0.82 

0.03 

2 

3.12 

0.51 

0.08 

1 









5.03 

Ca 

3.40 

0.42 

0.08 

12 

4.23 

0.31 

0.11 

14 

3.41 

0.27 

0.08 

2 

3.05 

0.42 

0.11 

1 

6.34 

Sc II 

-0.23 

-0.02 

0.04 

5 

0.65 

-0.08 

0.07 

5 

0.02 

0.07 

0.11 

1 

-0.37 

0.19 

0.14 

1 

3.15 

Ti I 

1.81 

0.22 

0.06 

7 

2.70 

0.17 

0.11 

15 









4.95 

Ti II 

1.75 

0.16 

0.10 

32 

2.79 

0.26 

0.11 

27 

1.92 

0.17 

0.11 

11 

1.90 

0.66 

0.13 

10 

4.95 

VII 

0.60 

0.03 

0.03 

1 

1.52 

0.01 

0.05 

1 









3.93 

CrI 

1.92 

-0.36 

0.16 

6 

3.00 

-0.22 

0.08 

9 

2.19 

-0.25 

0.06 

3 

1.64 

-0.29 

0.15 

1 

5.64 

Cm 





3.31 

0.09 

0.06 

1 









5.64 

Mn I 

1.42 

-0.65 

0.09 

3 

2.80 

-0.21 

0.09 

6 

2.04 

-0.19 

0.10 

1 

1.65 

-0.07 

0.11 

1 

5.43 

Fe I 

4.14 

0.00 

0.10 

127 

5.08 

0.00 

0.13 

111 

4.30 

0.00 

0.13 

46 

3.79 

0.00 

0.14 

24 

7.50 

Fe II 

4.13 

-0.01 

0.11 

7 

5.08 

0.00 

0.15 

14 









7.50 

Co I 

1.82 

0.19 

0.10 

5 

2.60 

0.03 

0.07 

2 

2.42 

0.63 

0.10 

1 





4.99 

Nil 

2.89 

0.03 

0.09 

5 

3.90 

0.10 

0.09 

7 

3.19 

0.17 

0.14 

2 





6.22 

Zn 

1.42 

0.22 

0.04 

2 

2.35 

0.21 

0.06 

1 









4.56 

Sm 

-1.18 

-0.69 

0.01 

2 

0.29 

-0.16 

0.07 

2 

-0.84 

-0.51 

0.03 

2 





2.87 

YII 

-1.98 

-0.83 

0.08 

3 

-0.58 

-0.37 

0.09 

4 









2.21 

Ba II 

-2.55 

-1.37 

0.03 

2 

-0.58 

-0.34 

0.18 

4 





-1.54 

-0.01 

0.18 

1 

2.18 

Eu II 





-1.99 

-0.09 

0.04 

2 









0.52 


Note . — The column of ‘W” refers to the number of lines adopted for determination of the elemental abundances. The photospheric solar abundances from lAsplund et aP 
<20091) are also shown for reference. 
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TABLE 5 

Uncertainties oe log e(X) Propagated from the 
Stellar Parameters (as Described in Section[X4), 
Computed for J0326+0202 as an Example. 


Ion 

ATeff 

+ 150 K 

Mogg 
+ 0.3 dex 

Af 

+ 0.3 km s * 

o'tot 

CH(C) 

0.30 

-0.15 

-0.05 

0.34 

CN(N) 

0.25 

-0.05 

0.00 

0.25 

Nal 

0.17 

-0.03 

-0.18 

0.25 

Mg I 

0.13 

-0.06 

-0.08 

0.16 

A) I 

0.15 

-0.05 

-0.18 

0.24 

Sit 

0.16 

-0.02 

-0.03 

0.16 

KI 

0.12 

-0.02 

-0.02 

0.12 

Ca I 

0.11 

-0.03 

-0.04 

0.12 

Sc II 

0.10 

0.08 

-0.08 

0.15 

Til 

0.19 

-0.03 

-0.02 

0.19 

Ti II 

0.08 

0.08 

-0.08 

0.14 

VII 

0.08 

0.09 

-0.01 

0.12 

Cm 

0.18 

-0.04 

-0.09 

0.21 

Mn I 

0.21 

-0.05 

-0.14 

0.26 

Fe I 

0.17 

-0.04 

-0.10 

0.20 

Fe II 

0.02 

0.09 

-0.06 

0.11 

Co I 

0.21 

-0.03 

-0.07 

0.22 

Nil 

0.20 

-0.05 

-0.20 

0.29 

Zn I 

0.09 

0.04 

0.01 

0.10 

Sr II 

0.11 

0.07 

-0.27 

0.30 

YII 

0.13 

0.08 

-0.01 

0.15 

Ba II 

0.14 

0.08 

-0.03 

0.16 


where w is the FWHM of the line. Ax refers to the sampling 
step of the MIKE spectra, and e refers to the reciprocal spec¬ 
tral S/N in the case of normalized spectra. The uncertainty 
in the derived abundance corresponding to 2crEw was adopted 
as a conservative estimate of the random error caused by the 
equivalent width measurement. The errors relevant to the un¬ 
certainties of the equivalent width measurement are listed in 
Table [T] for each individual line that has been used for abun¬ 
dance estimation. 

The abundance uncertainties associated with the uncertain¬ 
ties of the stellar parameters were estimated by varying by 
-I-150K, \ogg by -1-0.3dex, and ^ by -1-0.3kms“' in the stel¬ 
lar atmospheric model. Table [T] summarizes the correspond¬ 
ing abundance uncertainties and the total uncertainty for the 
three errors, which was computed as the quadratic sum, for 
J0326H-0202 as an example. We noted that the abundance un¬ 
certainties caused by the equivalent width measurements are 
generally smaller than those propagating from the stellar pa¬ 
rameters, and therefore, we have adopted the latter uncertain¬ 
ties as reference error bars for further discussions concerning 
the abundances of the sample. 

4. RESULTS AND INTERPRETATION 
4.1. CEMP and NEMP Objects 

Despite the limited sample size, there are several objects in 
our sample exhibiting relatively high [C/Ee] ratios, as shown 
in Eigure |5] To check the fraction of CEMP stars, we have 
adopted the classification of lAoki et al.l (l2007h . who suggest a 
scheme that takes into consideration the nucleosynthesis and 
mixing effects in giants. This is important for our sample, 
because five of our nine stars are giants (see Eigure |2]i. We 
therefore consider a star to be CEMP when [C/Ee] > 4-0.7 
in the case of stars with luminosities of log(L/Lo) < 2.3, 
or when [C/Ee] > -1-3.0-log(L/Lo) in the case of stars with 
log(L/Lo) > 2.3. The luminosities of our sample stars were 
computed based on the prescription of lAoki et al.l (l2007h . as¬ 


suming a typical mass of M = O.SMq for halo stars. 

Eigure |5^ shows that there are four objects in our sample 
that are above the limit, among which there is a red giant 
J0126H-0135 that is located slightly off the limit and has very 
low [C/Ee] = -0.51). Therefore, we have decided to clas¬ 
sify only the three objects with [C/Ee] > 0.7 as CEMP stars 
(filled circles in Eigure |5]l and the rest as carbon-normal ob¬ 
jects (open circles). 

It is known that in addition to [C/Ee], [N/Ee] is notably 
enhanced in many CEMP stars as well, and although this 
phenomenon appears to be rare, a population of nitrogen- 
enhanced metal- poor (NEMP) stars with [N/C] > 0 .5 has 
been discovered ([Johnson et alJ 120071: iPols et alj|201^ . We 
have adopted the criteria of iPols et^ (120121) for classifying 
stars as NEMP, i.e., [N/Ee] > 1.0 and [N/C] > 0.5. In Eig¬ 
ure |3b), it can be seen that among the six program stars with 
determined nitrogen abundances, there are five that are on the 
right side of the dotted line, and hence are nitrogen-enhanced. 
However, as can be seen in Eigurel^and of Eigure [Sja), four 
of them have [C/Ee] < 0.0 and [N/Ee] between 1.2 through 
1.5, and are on the upper part of the red giant branch, and 
thus th ey m ay not be genuine NEMP, as will be discussed in 
Section l43] 

If we use the separatio n of so-cal l ed “m ixed” from “un¬ 
mixed” stars defined as in ISpite et al.l (120051) (i.e., the dashed 
line in Eigure 13b), corresponding to [N/Ee] = 0.5), the four 
objects belong to the group of “mixed” stars. In these stars, 
nitrogen has been produced from the burning of carbon, and 
hence they are usually carbon-poor and nitrogen- rich. The 
same holds true when the alternative criterion of iPols et alJ 
(|20I3) of [(C-i-N)/Ee] > 0.9 is considered (the dash-dotted 
line in Eigure Sb)). The CEMP turn-off star J0257-0022 is 
well located in the NEMP region, which makes it a poten- 
tial carbon and n itrogen-enhanced metalpoor (CNEMP) star 
(IPols et aLll2012^ . We will further discuss this point in Sec¬ 
tion [431 

4.2. Abundance Trends of the Light Elements 

The abundance ratios [X/Pe] of the program stars are 
plotted against [Ee/H] in the right panels of Eigure |6] for 
the elements from C through Zn. The observed chemi¬ 
cal abun dances of metal-po or stars fro m the “Pirs t Stars” 
pro gram (ICavrel et al.l 120041) . and from lYong et all (l2013a[) 
and iPlacco et al.l (120141) . are also plotted for comparison. 
Note that the “Pirs t Stars” sample has been re-analyzed by 
lYong et ail (l2013al) . but since there are a few elements not 
included in their analysis, we have ad opted the abu n dance s 
of the sa mple o f “Pirst Stars” fror n ICavrel et al.l ([2003), 
iSpiteet al.l(l2()()5l) . and iPrancois et al.l (120071) . 

In general, the abundance ratios seen in our sample agree 
well with the abundance ratio trends defined by the literature 
samples. However, for the most iron-deficient object in our 
sample (J1709-I-1616), and the carbon and nitrogen-enhanced 
object J0257-0022, a few elements (in particular, Ti, Mn, and 
Ba) show slight deviations from these trends. 

Compared with those of other elements, dispersions in the 
distributions of C, N, Na, and Al are no tably larger. Unlike the 
behavior found by lYong et ^ (l2013ah . the abundance ratios 
of the a elements Mg and Si (as well as Ca) of the program 
stars distribute around t he typical halo value of [a/Pe] =0.4 
(e.g., iMc Williamll 1 997l the dotted lines in Pigure|2]l. 

Among the iron-peak elements, a small scatter and clear 
dependence on Pe are found for Cr and Zn. The abundance 
ratio of [Cr/Pe] exhibits the lowest observed scatter together 
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Fig. 5.— (a) [C/Fe] ratio as a function of the lumin osity estimated fr om T^g and log 9 of our sample. The dotted line indicates the dividing line between 
carbon-enhanced and carbon- normal stars as d efined in lAoki et all 42007h . The dashed line corresponds to [C/Fe] = 1.0. (b) [C/Fe] vs. [N/Fe]. The two criteria 
for NEMP stars suggested bv IPols et alJ <201211 are respectively shown in dashed ([N/Fe] >1.0 and [N/C] > 0.5) and dash-dotted lines ([(C-l-N)/Fe] > 0.9). The 
fille d and open circles r espectively refer to carbon-enhanced and carbon-normal stais. Metal-poor stars from “First Stars” ISnite et alJ200.5tl . lYong et^l201.3al) . 
and IPlacco et alj 120141) are also plotted for comparison, in filled triangles, crosses, and filled pentacles, respectively. The potential CNEMP object J0257—0022 
is marked. 


with a positive slop e, which agrees well with the results of 
iCavrel et alJ (120041) . These authors interpreted this trend as 
an indication that Cr and Fe are produced in the same nucle¬ 
osynthesis process, so that mixing in the interstellar medium 
would not result in any significant scatter around the abun¬ 
dance trend. Furthermore, a clear anti-correlation between 
[Zn/Fe] and [Fe/H] is seen. This suggests that neutron-capture 
processes may not have contributed much to the production of 
Zn in progenitors of these EMP stars, since if that is the case, 
an anti-correlation versus metallicities would be expected for 
the abundance ratio. 

4.3. Neutron-capture Elements 

The abundance ratios of the neutron-capture elements Sr, Y, 
Ba, and Eu versus [Ee/H] are shown in Figure]?] In agreement 
with previous investigations, very large dispersions are seen, 
espec ially at [Fe/H] < -2.8 (iRyan et ^119961 : FCayrel et 
l2004h . For all of the program stars with measurable Ba 
abundances, the [Ba/Fe] ratios are not higher than the So¬ 
lar yalue, which means that these two carbon-enhanced stars 
(J0257-0022 and J1709-I-1616) belong to the class of CEMP- 
no stars. Eu abundances are only measured in the two gi¬ 
ants with relatiyely higher metallicities. Both giants show 
a near-Solar abundance ratio of [Eu/Ee], and combined with 
the “Eirst Stars” sample support the indication that me tal-poor 
stars with high [Eu/Ee] are rare (lErancois et al.ll200^ . 

The abundance ratios of neutron-capture elements such as 
[Sr/Ba] can be used to inyestigate the possible nucleosynthe¬ 
sis pr ocesses that haye o ccurred in the progenitors of EMP 
stars. lAoki et aTI (1201 3h has found seyeral remarkable fea¬ 
tures in the distribution of [Sr/Ba] yersus [Ee/H], including 

a cutoff at approximately [Ee/H]-3.6, and a lower bound 

at about [Sr/Ba] ~ -0.5. EigureOa) shows the distribution 
of [Sr/Ba] for our program stars and the metal-poor star sam¬ 
ples from the literature as a function of [Ee/H]. As can been 
seen, the number of obseryed objects is indeed yery limited 
around [Sr/Ba] ~ -0.5 and below. Howeyer, from the cur¬ 
rently ayailable data set of metal-poor stars, it does not seem 
clear whether the cutoff at [Fe/H] < -3.6 actually exists. It 
is possible that there may be a cutoff or sharp drop of the dis¬ 


tribution of objects with [Sr/Ba] larger than the Solar yalue at 
eyen lower metallicities, but this would require a larger body 
of data for EMP and UMP stars for further exploration. 

Eigure Ob) shows that if we adopt Ba as a reference ele¬ 
ment, a major trend of anti-correlation between [Sr/Ba] and 
[Ba/H] can be found all the way down to [Ba/H] ~ -4.5, 
while the abundance ratio reyerts back to a nearly Solar yalue 
when it approaches to lower [Ba/H]. This i s quite agree¬ 
able with the results of lErancois et alJ (l2007h . and we sus¬ 
pect that the anti-correlation may extend to [Ba/H] higher than 
-1.5, e.g., to around [Ba/H] ~ 0.0. The obseryed distribu¬ 
tion trend of [Sr/Ba] against [Ba/H] indicates that besides the 
main rapid neutron-capture process, it is likely that an addi¬ 
tional nucleosynthesis mechanism such as a second neutron- 
capture process has contributed to the obseryed amounts of Sr 
(and other neutron - capture elements) at [Ba/H] > -4.5 (e.g., 

Wanaio et al.l200i] : lTrayaglio et al.ll2004l : IOian & Wasserburd 

2001 . 

4.4. Abundance Patterns and Chemical Peculiarities 

Despite the obseryed diyersity in chemistry among low- 
metallicity stars, bas ed on homogeneously analyzed samp les 
of metal-poor stars (ICayrel et al.112004 lYong et al.ll2013^ it 
is belieyed that there exists a population that conforms to the 
ayerage abundance pattern, and thus is regarded as the chem¬ 
ically “normal” population. Considering the fact that most of 
the carbon-normal objects in our sample are gia nts, we haye 
adopte d the coefficients of the regression fit of ICayrel et alJ 
(l2004l) . which were determined by means of a sample of 
metal-poor giants for which yery high-quality spectra were 
obtained. The results of our comparison of the abundance 
patterns are shown in Eigure |9| Eor an element between Na 
and Zn, if the [X/Ee] ratio deyiates more than 0.5 dex from 
the reference abundance pattern, it is regarded as abnormal 
and marked by filled squares. Eor fiye out of the eight pro¬ 
gram stars, there is at least one element showing such an 
abnormal abundance. Howeyer, if only carbon-normal ob¬ 
jects with more than one abnormal element are counted, only 
J0326-I-0202 exhibits a moderate oyer-abundance in Na and 
Mg. 
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Fig. 6 . — [X/Fel vs. [Fe/HI of 15 elements (16 species) lighter than Zn. For all a elements (Mg, Si, Ca, and Ti), the canonical value of [cr/Fe] —hO.4 for the 
halo stars jMcWilliamll 19971) is plotted for reference. The meanings of the different symbols are the same as in Figure[5] 


Regarding neutron-capture elements, none of our stars are 
strongly enhanced in Sr, Y, Ba, or Eu relative to the Solar 
abundance ratios. However, we note that two of our stars, 
J0006-t-1057 and J0126-I-0135, have quite low Sr andBa abun¬ 
dances, respectively with [Sr/H] of -5.33 and -5.18, and 
[Ba/H] of -5.01 and -4.71. Using the stellar abundance 
data of over 1,000 stars from the Galactic field and dwarf 
galaxies, iRoederej (1201 3h has noted that strontium and bar¬ 
ium have been detected in all enviro nments. When co mparing 
J0006-H1057 and J0126H-0135 with lRoedereildl^ ’s Figure 
1 which presents the distribution of [Ba/H] versus [Sr/H] in 
held stars and dwarf galaxies, both of our program stars are 
located in the lower left corner of the plo t, and clos e to th e 
detection thresholds. As pointed out by iRoedereJ (1201 3h . 
such objects with unusually low [Sr/H] and [Ba/H] are of 


great interest, in the sense that they raise the prospect that 
at the early phase of Galactic chemical evolution there is 
at least one kind of neutron-capture processes operating as 
frequently as the nucleosynthesis mechanisms that produce 
lighter elements such as a and iron-peak elements. Inter¬ 
estingly, J0006-1057 and J0126-)-0135 have [Sr/Ba] ratios of 
-0.3 and -0.5, respectively (see Table [1] and the right panel 
of Figure [S]). These values very much resemble those seen 
in strongly r-pro cess-enhanced stars , such as CS22892-052 
([Sr/Ba] = -0.4; iSneden et al.l 120031) . rather than the values 
typical for stars showing the abundance signatur e of the weak 
r-pro cess, e.g., HD122563 ([Sr/Ba] = -1-0.8; [Honda et alJ 
l2006h . This suggests that not only the weak r-process, but 
also the main r-process contributed signihcantly to the inven¬ 
tory of neutron-capture elements during the earliest phases of 
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Fig. 7. — [Sr/Fe], [Y/Fe], [B a/Fe] and [Eu/Fe] vs. [Fe/F[] of the program stars. The meanings of the different symbols are the same as in Figure|^ except that 
the triangles refer to data from IFrancois et aP <200711 . 
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Fig. 8 . — [Sr/Ba] vs. [Fe/H] (a) and [Ba/H] (b) of the program stars. The meaning of different symbols are the same as in Figurel?] The horizontal dash-dotted 
lines refer to [Sr/Ba] ~ ±0.4, as guidance of the abundance range to identify the weak and main r-processes. The vertical dotted lines correspond to [Fe/H] = —3.6 
and [Ba/H] = —4.5 in the two panels, respectively. 


Galactic chemical evo lution. 

Given the fact that lYong et ^ d2013ah found only seven 
chemically peculiar objects in a sample of more than 100 
carbon-normal stars, the abundance patterns of our sam¬ 
ple confirm that a chemically “normal” population does ex¬ 
ist among metal-poor stars which may dominate, the low- 
metallicity region even at [Fe/H] < -3.7. 

4.5. “Mixed” or “Unmixed”? 

ISnite et ^ ( l2005h observed a separation at [C/N] ~ -0.6 
among 35 BMP giants, and adopted such a separation to di¬ 
vide their sample into “mixed” and “unmixed” groups. Be¬ 
cause the CNO process turns carbon into nitrogen, the [C/N] 


ratio is believed to be a sensitive indicator of mixing; the 
observed separation demonstrates the signature of CN-cycle 
processing in the surface abundances of these halo giants. 
We thus compare the [C/N] abundance ratio of our stars for 
objects with b oth measure r nents o f carbon and nitrog en in 
the samples of ISnite et al.l (120051) . lYong et aH (I2013al) . and 
iPlacco et"^ (120141) . 

As shown in Figure [TOh . for the carbon - norma l stars, i.e., 
the m ajority of the sample from lSnite et al.l (120051 filled trian¬ 
gles), iPlacco et al.l (12014 filled stars), and our program stars 
(open circles), there are two distinct groups of stars that can be 

separated by the dividing line at [C/N]-0.6. We also note 

that there are very few carbon-enhanced objects (the major- 
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Fig. 9 . — Abundance pattern of the program stars. The solid line represents the “average” abund ance derived from the regression coefficients from fCavrel et alj 
<20041) . Filled squares refer to enhancement in carbon and/or nitrogen as defined in Section im and elements with an abundance that ditfers from the solid line 
by more than 0.5 dex. The derived Teff, log^, and [Fe/H] together with the ID of each object are listed in the plot. 


ity of the lYong et al.ll^l3al sample and J0257-0022) below 
the dividing line. This could be due to the fact that a great 
many of them are significantly enhanced in carbon, and/or are 
main-sequence turnoff stars or dwarfs (as can be seen in Fig¬ 
ure [TOtb) and Figure [Tote)) whose deeper layers have not yet 
been dredged-up. 

However, we note that the potential CNEMP turn-off star 
of our sample, J0257-0022, lies well below the dividing line 
along with the “mixed” group. This is rather interesting, since 
for this object the material processed in the CN cycle has 
presumably not yet been dredged up from its interior to the 
outer laye r. For compariso n, two unevolved NEMP candi¬ 
dates from iPols et all (iMTl . HE 1337-1-0012, and HD 25329 
are also plotted in Eigure [10] Despite the different carbon 
abundances of these objects, they are in a quite similar situa¬ 
tion to J0257-0022, e.g., unevolved (dwarf or main-sequence 
turnoff), nitrogen-enhanced, and located i n/close to the re - 
gion of the “mixed” group. As indicated in iPols et^ ([20l3), 
“genuine” NEMP stars are supposed to show signatures of 


accretion of material that has undergone hot bottom burn¬ 
ing (HBB), e.g., large enhancement in sodium and magne¬ 
sium, while heavy i-process elements such as barium and lead 
should not be significant ly enhanced. The low sodium abun¬ 
dance ([Na/Ee] = -l.O. lAoki eTani200^ of HE 1337-H0012 
basically rules out the possibility of accretion from HBB. Eor 
HD 25329, only slight enhancements in sodium and magne- 
sium are shown ([N a/Ee] = -1-0.24, and [Mg/Ee] = -1-0.59, 
iGratton et alJl200^ . which does not support the material be¬ 
ing accreted from an HBB process either. Eor J0257-0022, 
a lack of enhancement in magnesium ([Mg/Ee] = -1-0.09) and 
no measurable sodium lines make it very unlikely to be en¬ 
riched by the accreted material from the HBB. However, the 
origin of the nitrogen-enhanced status of these unevolved stars 
will remain unclear until more detailed abundance analysis is 
available. 

5. CONCLUSIONS 

Eight potential metal-poor stars have been selected from 
DRl of the low-resolution spectroscopic survey of LAMOST 
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Fig. 10.— (a) [C/N] vs. [C/Fe], (b) [C/N] vs. Teff, and (c) [C/N] vs. logg for the sa mple. The plots on ly include objects with both measured abundances of 
carbon and nitrogen. The dashed lines in all plots refer to [C/N] = —0.6 which is used bv ISpite et alJ4200^ to separate the mixed and unmixed stars. The dotted 
lines in frame (a) refer to the adopted division of carbon-normal and carbon-rich stars, i.e., [C/Fe] = 0.7, as described in the text. The potential CNE MP object 
J0257-0022 (filled circle) is marked, together with two other unevolved NEMP candidates, FIE 1337-1-0012 (diamond) and FID 25329 (star) from IPols eit all 
120121) . The meanings of the other symbols are the same as in Figure|5] 


and follow-up observations in high-resolution spectroscopy 
with Magellan/MIKE. Based on the high-resolution analy¬ 
sis, we have confirmed five EMP stars, including two with 
[Ee/H] < -3.5. Among these objects, three are newly discov¬ 
ered, and one (J0126-F0135) is confirmed and analyzed using 
high-resolution spectra for the first time. 

The abundances of C, N, 15 elements from Na to Zn, and 4 
neutron-capture elements Sr, Y, Ba, and Eu, have been derived 
for the sample. When compared with results from the litera¬ 
ture, no significant differences have been found. Three out of 
the eight program stars are regarded as CEMP stars, and one 
star with enhancement in both carbon and nitrogen has been 
discovered and classified as a potential CNEMP star. 

Efforts have been made to investigate the enrichment of the 
neutron-capture elements of the EMP stars, especially the dis¬ 
tribution of the abundance ratio [Sr/Ba], as well as the com¬ 
parison between the so-called “mixed” and “unmixed” groups 
of stars. Our analysis indicates that enlarging the data set of 
objects with [Ee/H] < -3.5 is fairly important to fully un¬ 
derstand the nucleosynthesis process of the progenitors of the 
low-metallicity stars, e.g., the behavior of abundance ratios 
of neutron-capture elements as well as to further explore the 
shape and the truth of a cutoff of the low-metallicity tail of the 
MDE of the Galactic halo. The on-going LAMOST spectro¬ 
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